Glacier velocity is one of the most important parameters to understand glacier dynamics. The Severnaya Zemlya archipelago is host to many glaciers of which four major ice caps encompassing these glaciers are studied, namely, Academy of Sciences, Rusanov, Karpinsky, and University. In this study, we adopted the differential interferometric synthetic aperture radar (DInSAR) method utilizing ALOS-2/PALSAR-2 datasets, with a temporal resolution of 14 days. The observed maximum velocity for one of the marine-terminating glaciers in the Academy of Sciences Ice Cap was 72.24 cm/day (≈263 m/a). For the same glacier, an increment of 3.75 times the flow rate was observed in 23 years, compared to a previous study. This has been attributed to deformation in the bed topography of the glacier. Glaciers in other ice caps showed a comparatively lower surface velocity, ranging from 7.43 to 32.12 cm/day. For estimating the error value in velocity, we selected three ice-free regions and calculated the average value of their observed movement rates by considering the fact that there is zero movement for ice-free areas. The average value observed for the ice-free area was 0.09 cm/day, and we added this value in our uncertainty analysis. Further, it was observed that marine-terminating glaciers have a higher velocity than land-terminating glaciers. Such important observations were identified in this research, which are expected to facilitate future glacier velocity studies.
Introduction
Glaciers are a reliable indicator of climate change [1] [2] [3] [4] , since variations in glacier dynamics, such as glacier velocity, thickness, and mass balance, can directly be related to variations in climate parameters, such as temperature and precipitation. Monitoring glacier dynamics is significantly important in assessing the contribution from glacier melt-water to sea-level rise [5, 6] , response of ice masses in different regions to climate change, and even for water resource management at local and regional scales. Among the several techniques of estimating glacier ice flow velocities, measurements using the Differential Global Positioning System (DGPS) is the most accurate [7] . However, this technique is time consuming, labor-intensive, and spatially-restricted. Conversely, glacier surface velocity can also be estimated using the satellite based differential interferometric synthetic aperture radar (DInSAR; using synthetic aperture radar (SAR) data) or offset tracking (using optical/SAR data) techniques. Previous researchers have leveraged the use of remotely sensed data onboard space-borne The selection of interferometry pair images for the DInSAR process, especially for glacier movement, is very important. The Advanced Land Observing Satellite (ALOS-2), also called DAICHI-2, is equipped with the Panchromatic L-band (wavelength 24 cm) Synthetic Aperture Radar (PALSAR-2) sensor launched by Japan Aerospace Exploration Agency (JAXA) in 2014, mainly for disaster management and for various applications in cartography, regional observation, and resource surveys. It collects data with three different modes, namely, Spotlight (resolution: 1-3 m), Strip Map (resolution: 3, 6, and 10 m), and Scan SAR (resolution: 100 m). In addition, L-band SAR data are best suitable for cryospheric studies, because the penetration capacity is higher through clouds and snow-covered regions compared to C-band (Sentinel-1) and X-band (TerraSAR-X) datasets. The two-pass approach was adopted to generate differential interferograms. Eleven pairs of ALOS-2/PALSAR-2 scenes with a temporal gap of 14 days acquired over the Severnaya Zemlya archipelago region was used in this study (Table 1) . Although the acquisitions were made in dual polarization (HH and HV), we utilized only HH polarization for estimating the glacier velocity. Further, the entire area is covered by ALOS-2/PALSAR-2 in two path acquisitions (132 and 134) as shown in Figure 1 . by ALOS-2/PALSAR-2 in two path acquisitions (132 and 134) as shown in Figure 1 . These L-band SAR pairs were acquired in March and April 2018 with a temporal baseline of 14 days. The external Digital Elevation Model (DEM) utilized in the study was the 1-arc second (resolution: 30 m) Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM to remove topographic phase from the interferogram. The DInSAR-generated line of sight (LOS) velocity map was later converted to horizontal flow velocity using the slope map, which was generated using the same ASTER DEM. DInSAR-based velocity results were compared with velocity data generated using autonomous Repeat Image Feature Tracking (auto-RIFT) [32] , which is freely provided by the NASA MEaSUREs ITS_LIVE project. These L-band SAR pairs were acquired in March and April 2018 with a temporal baseline of 14 days. The external Digital Elevation Model (DEM) utilized in the study was the 1-arc second (resolution: 30 m) Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM to remove topographic phase from the interferogram. The DInSAR-generated line of sight (LOS) velocity map was later converted to horizontal flow velocity using the slope map, which was generated using the same ASTER DEM. DInSAR-based velocity results were compared with velocity data generated using autonomous Repeat Image Feature Tracking (auto-RIFT) [32] , which is freely provided by the NASA MEaSUREs ITS_LIVE project.
Severnaya Zemlya is the easternmost glacierized archipelago in the Russian Arctic and consists of four main islands (Figure 1) , with a total area of 36,800 km 2 , and about 16,400 km 2 is ice-covered [31] . In the past few years, the glaciers in Severnaya Zemlya have attracted attention because of the ongoing disintegration of the Matusevich Ice Shelf that started in 2012, and the prominent surge of the western basin of the Vavilov Ice Cap (both are on October Revolution Island) [26, 27] .
Methodology

Glacier Movement Using DInSAR
In the DInSAR process, HH polarization of the Single Look Complex (SLC; Level 1.1) data of the ALOS-2/PALSAR-2 pair was used to generate the interferogram. The available SAR images did not cover the entire area of the Severnaya Zemlya archipelago for the selected time period. Hence, we used eleven different interferometry pair images acquired at the end of the 2018 accumulation season. The PALSAR-2 acquisitions on 28 March 2018 (path 134) and 1 April 2018 (path 132) are considered as the master images, while that acquired 14 days later on 11 April 2018 (path 134) and 15 April 2018 (path 132) are the respective slave images. Sub-pixel accuracy co-registration was performed on the SLCs using the cross-correlation algorithm. The slave image was shifted using the offset values obtained from co-registration to perfectly match with the master image. The differential phase (∆ϕ = ϕ1 − ϕ2) of the interferogram consisted of the displacement component due to glacier motion, as well as the topographic phase information apart from phase due to atmospheric phase and phase noise. While the phase noise and atmospheric phase are assumed to be non-interfering (based on the coherence) leaving behind phase due to glacier motion and topography. The topographic phase can be eliminated with help of an external DEM, leaving behind only the phase due to the displacement (due to glacier movement) in the differential interferogram. But this differential interferogram phase was wrapped between−π and π. A Minimum Cost Flow (MCF) phase unwrapping technique was used to retrieve the original phase that was finally converted into displacement (∆r) using the following equation [22] , where ∆φ is the differential phase and λ is the wavelength of the radar signal:
The DInSAR technique gives the glacier velocity in LOS direction, which can be further used to calculate the horizontal flow velocity (V HF ) using incidence angle and slope of the glacier [10] . Henceforth, the horizontal flow velocity will be referred to as the glacier velocity.
where θ is an inclination angle and α is the slope of the glacier. The overall procedure is summarized in Figure 2 . 
Error Analysis
For glacier/ice cap flow, the assessment of decorrelation effects is difficult in the DInSAR process because its velocity varies temporally (in a year) and spatially (along the depth and glacier flowline) [33] . Goldstein et al. [10] reported the accuracies of this technique as 1.5 mm for vertical motion and 4 mm for horizontal motion. The error sources in the interferometry process are mainly due to atmosphere, DEM, and phase noise. One of the methods to estimate uncertainty in the DInSAR process is calculating the individual errors due to the sources of DEM, atmosphere and phase noise, etc., and combining all the errors. This approach is computationally intensive. However, in this study, deformation error due to DEM error was estimated (using ASTER DEM to remove the topography component from the interferogram to estimate only displacement component) by considering the standard deviation (SD) value of this DEM as 12.1 m [34] . We calculated approximate deformation error in LOS direction using the following equation [35] .
Where , is the DEM induced error, is the perpendicular baseline, is the slant range distance and is the look angle. As an alternate approach in this study to estimate uncertainty in the DInSAR-based glacier velocity, we used the observed movement rate for ice-free regions. Ice-free regions should give zero movement, but the value introduced in these regions is due to the combination of all error sources. We calculated the average value of these ice-free regions and considered it as an uncertainty value.
Results
We observed that amongst all the glaciers in our study area, both in LOS velocity ( Figure 3 ) and in the annual flow velocity (Figure 4 ), glacier 'A' in the Academy of Sciences ice cap has the highest magnitude (≈263 m/a). In-depth analysis shows that this glacier 'A' is moving westward, starting with a velocity of 25 m/a. It reaches a maximum velocity in the middle portion, and again starts to reduce as we move towards the terminus (Figure 5a ). As seen in Figure 5b , moving from an altitude of 600 to 200 m, with a steep altitude change of 400 m, the glacier reaches a maximum velocity. 
Error Analysis
where ∂ h , is the DEM induced error, B ⊥ is the perpendicular baseline, R 1 is the slant range distance and θ 1 is the look angle. As an alternate approach in this study to estimate uncertainty in the DInSAR-based glacier velocity, we used the observed movement rate for ice-free regions. Ice-free regions should give zero movement, but the value introduced in these regions is due to the combination of all error sources. We calculated the average value of these ice-free regions and considered it as an uncertainty value.
Results
We observed that amongst all the glaciers in our study area, both in LOS velocity ( Figure 3 ) and in the annual flow velocity (Figure 4) , glacier 'A' in the Academy of Sciences ice cap has the highest magnitude (≈263 m/a). In-depth analysis shows that this glacier 'A' is moving westward, starting with a velocity of 25 m/a. It reaches a maximum velocity in the middle portion, and again starts to reduce as we move towards the terminus (Figure 5a ). As seen in Figure 5b velocity. However, with a lower gradient of altitude change from 200 to 60 m near the terminus of the glacier, the velocity significantly reduces to 50 m/a. In the Rusanov Ice Cap, five glaciers were studied, which have velocities ranging from 11.49 to 21.93 cm/day. On the other hand, the Karpinsky Ice Cap has many small glaciers, with a more varied range of glacier velocities ( Table 2) . Eight glaciers were analyzed in this ice cap, which have surface velocities as low as 7.43 cm/day and as high as 32.12 cm/day. Most of the Karpinsky glaciers are found to be moving in a north-easterly or easterly direction, as observed in the LOS velocity map. As we go further south, the University Ice Cap (Glacier no.14) has a maximum surface velocity of 27.07 cm/day. For the Kropotkin Glacier (Zone IV in Figure 3a ), flow rate is considerably low (6.62 cm/day). We also compared our DInSAR results with that obtained from the pixel tracking technique for the same area (see Figure 4 ), wherein the offset pixel tracking-based velocity was generated by the NASA MEaSUREs ITS_LIVE project [28, 30] . In Figure 4 , we show both DInSAR (Figure 4a ) and offset-tracking-based ( Figure 4b ) velocity maps. The pixel tracking method shows higher velocity for the Academy of Sciences Ice Cap region compared to the DInSAR technique. However, for the Rusanov and University ice caps, there is no such clear trend observed. We compared both the DInSAR and pixel tracking techniques, along the glacier flow line for some selective glaciers ( Figures 5 and 6) , one from each ice cap ('A' from Academy of Sciences, '1' from Rusanov, '9' from Karpinsky, and '14' from University). For glacier 'A', both techniques show a similar trend. However, pixel tracking velocity is higher along the entire flow line. In fact, for glacier '9' in the Karpinsky Ice Cap, it saturates after point location 50. Further, the velocity extracted using th offset-tracking technique overestimates near the terminus. It must be noted that offset-tracking gives reasonable results for fast-moving glaciers. However, glacier '9' flows with low-velocity rates (8.89 cm/day). For the remaining glaciers (glacier '1' and glacier '14'), offset-tracking velocity is either overestimated for some regions or underestimated. This overestimating/underestimating may be due to the wrong pixel estimation (estimating offset for the neighboring pixel/subpixel) during the cross-correlation process. Deformation error in LOS direction due to DEM error was estimated as mentioned in the methodology (Section 3.2). For the selected interferometry pair of ALOS-2/PALSAR-2, perpendicular baseline (B ⊥ ) varies for the different pairs and ranges from 5.7 to 43.3 m. Therefore, we estimated decorrelation error for all perpendicular baselines, and the corresponding readings are noted in Table 3 . θ 1 is look angle: 28.2 • and, R 1 is slant range of ground point to the platform: 722 km, and the DEM error value we considered as 12 m. Table 3 . Deformation error in LOS direction due to the DEM error estimated for different perpendicular baselines corresponding to the 11 scene pairs (Numbers mentioned as shown in Figure 1 ). Apart from this, with the fact that there is no movement in ice-free areas, we estimated the mean displacement value for three ice-free regions (which directly gives the error). The observed error values (movement rate for three ice-free regions) are 0.53 mm/day, 1.49 mm/day, and 0.82 mm/day, and the average value of these regions (0.09 cm/day) was considered as the uncertainty.
Scene Pair No. Perpendicular Baseline (m) Deformation Error in LOS Direction (cm)
Discussion
Amongst all ice caps, the Academy of Sciences Ice Cap has the maximum glacier velocity, 263 m/a, recorded for 2018. This value is 3.75 times higher than velocity rates reported for 1995 (70 m/a) by Dowdeswell et al. [27] . The technique used in both studies was DInSAR; however, Dowdeswell et al. [27] utilized the ERS Tandem pair acquired in September 1995 with a 1-day temporal gap. In the current study, the datasets used were ALOS-2/PALSAR-2, which were 14 days apart for April 2018. Recently, the same glacier was studied using Sentinel-1 by Sánchez-Gámez et al. [28] with a 12-day temporal gap between the SLC pairs of 2017. However, the method used was feature tracking, which is not as accurate as the DInSAR method for slow-moving ice, but for the fast-moving glacier like glacier 'A', both feature tracking and DInSAR technique show a similar trend and pattern. Nonetheless, the trend in velocity was reflected with maximum flow rate at the center of the glacier and was used as a validation for a spike in velocity in this particular area. As seen from Figure 5b , there is a steep change in altitude in this region, as well as the bed topography, which might be the cause for such high velocity, increasing the glacier flow rate as high as three times in 23 years. To understand the processes that might be responsible for such local dynamic conditions, various factors could be possible, namely, slope, ice thickness, and sub-glacier bed topography. From previous studies, for ice caps, it has been observed that basal motion is a dominant component of surface motion [36] , and this basal motion depends on the bed topography. It has been estimated that bed topography gradually increases from the top of the glacier (at −100 m elevation) to the terminus of the glacier (at −300 m elevation). The negative sign denotes that the glacier is below mean sea level. Around 50% of the glacier bed is below sea level, as reported by Dowdeswell and Williams [37] . Furthermore, it is interesting to note that the velocity of marine-terminating glaciers increases as it approaches the terminus. This observation is consistent with the results reported in Sánchez-Gámez et al. [28] . The basal movement could be due to deformable sub-glacial sediments and ice-sediment decoupling, along with continuous high sub-glacial water pressures [36] . As 50% of the glacier is below sea level, and the glacier terminates into the nearby sea, there is a fair possibility that the bed topography consists of deformable marine sediments. Further, as there is an enhanced basal motion, there is a frictional heat dissipation which could even result in an increase in basal heat flux, providing the required energy to promote movement. The velocity pattern along the flow line is almost same as compared to the results shown in Dowdeswell et al. [27] . For marine-terminating glaciers, seawater helps accelerate the glacier velocity in the frontal part. However, here, we did not observe high flow rate at the frontal area as the datasets we selected were mostly confined to the accumulation season. For this study area, minimum velocity was observed in the accumulation seasons (March and April) and maximum in the ablation seasons (September and October). All other studied ice cap glaciers flow with low-velocity comparative to glaciers in the Academy of Sciences Ice Cap. Land-terminating glaciers (i.e., Kropotkin Glacier and glacier '11'in the Karpinsky Ice Cap) show very low movement rate.
While we compared our results (DInSAR-based) with the offset-tracking-based velocity measurements (NASA MEaSUREs ITS_LIVE), we observed that even though the trend was similar, there was either an overestimation or underestimation of velocity. This could be due to the error in offset pixel value estimation. Offset-tracking velocity maps were generated with Landsat-4, -5, -7, and -8 data. Further, the resolution at which these time-averaged velocities were provided was at 120 m.
Conclusions
In this study, using the DInSAR method and ALOS-2/PALSAR-2 data, we estimated the glacier movement of the Severnaya Zemlya archipelago. We observed a high movement rate (263 m/a) for one of the marine-terminating glaciers (glacier 'A') in the Academy of Sciences Ice Cap in the year 2018. The velocity observed in this study shows a three-fold increase as compared to the velocity (70 m/a) reported in 1995. Climatic parameters shall not dictate such regional changes but the intrinsic properties of the ice cap itself might. The plausible reason has been identified as the presence of an inefficient sub-glacial hydraulic system which leads to a sudden increase in velocity. The existence of such a system is supported by the fact that a large portion of such glaciers is submerged in the sea and deformable sediments are common. This leads to the development of low pressure conditions and fast basal movement, which is reflected at the surface. Owing to such high-velocity changes over the past 23 years, it is important that a time series analysis of glacier velocity be done for a better understanding of the glacier/ice cap dynamics and the effect of climatic changes. For other glaciers in this archipelago, namely, in the Karpinsky Ice Cap, for land-terminating glaciers, we observed a comparatively low movement rate with respect to the marine-terminating glaciers. Such information about the ice caps adds to the existing sparse database for the glacier movement in the Severnaya Zemlya archipelago, which could act as a useful input for modeling future glacier velocity.
